We wish to report a durable interference film, produced by a chemical etch/leach process at the glass surface, which effectively eliminates reflections in the wavelength regime 0.35-2.5 p . This broadband antireflection film consists of a single, porous, skeletal layer made up largely of silica. The films a r e produced by an etch/leach process applied to phase-separated glasses. The process i s applicable to any of a large class of glasses, which will phase separate s o that one phase i s more readily soluble than the other(s). The low broadband reflectance of this film is believed to be due to a variable refractive index gradient between air and the bulk glass. The novel films described a r e believed to be the first durable, singlelayer, porous antireflection films demonstrating such a broadband spectral response.
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The production of antireflection coatings by etch techniques dates to 1887.' During the late 1930's the reduction of reflection by acid treatment of the glass came into popular use. '-' Chemical action at the glass surface selectively removes certain leachable components and leaves o r redeposits other components s o a s to form a skeletonized, porous surface. Complex chemical-etch baths were often employed which selectively removed certain components of the glass. The skeletonized film resulting from the selective leaching had a lower refractive index than the bulk substrate. The first acid etch coating technique adapted for commercial use was the RCA "Magicote C" process. '-I0 The optical properties of these Magicote C coatings a r e esselilinlly those to be expected from discrete uniform filnls of low refractive index. Antireflection filnls produced by chemical etching techniques were generally considered of little practical interest because they were difficult to develop reproducibly, and were optically inefficient and physically nondurable. "
The phenomena of phase separation among the alkali borosilicates i s now well known." These glasses a r e characterized by a miscibility temperature below which there i s a tendency for the glass components to separate into distinct phases. Under appropriate heattreatment cond@ns conducted below the miscibility temperature, the alkali borosilicates separate into a relatively insoluble silica-rich phase and into a soluble low-silica-content phase. This soluble phase can be readily dissolved by a variety of materials, including most of the mineral acids, leaving the high-silica-con-tent phase a s a porous, skeletonized, surface film. Furthermore, the physical characteristics of the skeletonized film, the structure and dimensions of the pores, are readily controlled in terms of the phase separation and etch/leach process. Due to their poroys nature, and the small size of the pores (radius < 40 A), the films exhibit an effective refractive index considerably lower than would be expected for a condensed film of silica. Furthermore, it will be shown that these porous films exhibit a refractive index gradient that can be varied in terms of the film-forming parameters to yield films having different optical properties.
The optical properties of the porous films were investigated as a function of the time in the film-forming solution, the temperature of the film-forming solution, and the temperature of the phase-separating heat treatment. Samples of commercial glass, Corning Glass Works Code 7740, were heat treated for 3 h at temperatures between 600 and 660 "C, and then allowed to cool to room temperature. Glasses a r e often characterized by a thin surface skin having a composition different from that of the bulk, caused by volatilization of components during the glass forming. Following the heat treatment, the glass samples were given a skinremoving etch. The glass was then rinsed in distilled water and subjected to the film-forming etch/leach solution. These solutions were maintained at either 45 or 80 "C for the required film-forming time, which varied from 2 to 35 min. Upon withdrawal, the samples exhibited visible evidence of film formation. Interference colors varying from a pale yellow brown to a deep blue violet were observed when the sample was viewed in reflected light. Reflectance and transmittance measurements were made on a Beckman DK-2-R Spectrometer using a barium sulfate reference, a tungsten source, and lead sulfide detectors.
The results of this study a r e summarized in Tables   I and II . These samples were all phase separated at 600 "C for 3 h. All samples were subjected to a glassskin removing solution, at room temperature for 30 min, followed by processing with the film-forming solution. Film formation will occur using any of a variety of mineral acids. At 45 "C an optimal film was obtained after 5 min reaction time (sample 4). Tables I and II the reaction time. Percent reflection is a cyclic function of reaction time for films produced at 45 and at 80 "C. From Fig. 3 , however, it is apparent that at a higher film-formation reaction temperature the time dependence is much less critical. The reflectance fluctuates -1% around the 1; min minimum point at 80 "C, compared to 3h% fluctuations around the 5 min point at reaction temperatures of 45 "C. The higher temperature reaction is quicker and less time dependent.
The samples described above were all phase separated at 600 "C for 3 h. The phase-separating heat treatment ultimately defines the structure of the porous film and would be expected to strongly influence the optical properties of the antireflection film produced. Table 111 describes the appearance of films formed on glass that was phase separated at 660 "C for 3 h and other samples phase separated at 630-638 "C for 3 h.
Film-forming reaction times ranged from 1 to 12 min. As noted in Table 111 , the films produced at different reaction times appeared to vary only slightly in their appearance when viewed in reflected light. A 3 min film-forming time was found to be optimal for samples heat treated at 660 "C and for samples heat treated at 630-638 "C. Figure 4 shows the measured reflectivity and transmittance curves for sample #36; a similar curve was obtained for sample #30. The reflectance measured for the other samples shows very little reaction time dependence, as might have been inferred 
LOW IR REFLECTANCE
The most salient feature, which distinguishes films produced on glass phase separated at 660 o r 630 "C compared to those produced on glass phase separated at 600 OC o r lower temperatures, is the effective band width of the film, particularly its low reflectance in the near infrared. Comparing Fig. 4 to Fig. 1 , we note that the samples phase separated at 600 "C show a steadily increasing reflectance from 1.0 to 2.5 p , while those phase separated at 660 o r 630 OC show < ;% reflectance throughout the visible and i r spectral r egime (0.35-2.5 p). The broadband low ir reflectance apparently depends strongly on the temperature of the phase-separating heat treatment, although it is also affected by the temperature of the film-forming solution. By increasing the temperature of the filmforming solution from 45 to 80 OC, the wavelength-dependent low reflection effects were broadened slightly. In order to obtain low reflection effects in the near i r , however, the temperature of the phase separation had to be increased. This observation confirms the importance of the phase-separating heat treatment in fixing the ultimate structure of the porous film, and finally the optical properties of the coating.
ELECTRON MICROGRAPHS
A s e r i e s of electron micrographs of the porous film in c r o s s section a r e shown in Fig. 7 . These micrographs were made with an RCA EMU3G electron microscope, using a novel edge-replica technique. '' Three regions can be distinguished in these photographs. The upper part of the photographs show the top surface of the porous film. This top region generally has a lighter appearance because it receives a heavier metallic shadow in the replicating process.
The region between the arrows is the porous film in c r o s s section. The lower portion of the photographs, having a matt grey appearance, is the bulk glass, which is situated below the film in the samples. The s e r i e s of photographs a r e of samples produced under varying process conditions, a s described in Table IV . Sample A is a porous surface film produced on soda-lime glass by the Magicote C process.5-'0 Such films a r e produced without recourse to a phase-separating heat treatment. The other samples were produced by the techniques described in this paper, employing Corning Table lV . From the photographs, which a r e all to the s a m e scale, the thickness of the porous film can be estimated a s given inTable IV. We recognize that the true thickness of the film can be considerably larger than that indicated by the porous region, a s for example by ion depletion.
All these samples consist of porous skeletonized films of silica; however, the optical properties of B, C, D, and E s e t them apart from sample A. The optical properties of films such as sample A, with optical thicknesses of t o r t A, a r e essentially those to be expected from uniform films of low refractive index. Indeed, in the electron micrographs the air-film, film-glass boundaries a r e readily delineated f o r sample A. By comparison, the ability to delineate the film-glass boundary gets progressively more difficult for samples B, C, D, and E.
DISCUSSION
The electron micrographs shown in Fig. 7 , the wavelength-dependent reflectance spectra shown in Figs, 1 and 4 , the cyclic reflectance versus process time shown in Figs. 2, 3 , 5, and 6, and the filmforming parameters all correlate s o a s to suggest a gradient refractive index film, which gets progressively steeper (An increases) a s the glass is phase separated and etched at higher temperatures (630, 80 "C v s 600, 45 "C). The porous nature of the film leads to an effective refractive index considerably lower than would be expected for a condensed film of silica. Table IV .
The reflectance lor a discrete homogeneous thin film varies in a cyclic fashion a s the film thickness n,, n2, n;. and n, a r e defined a s shown in Fig. 8 ; n, = n, exp(WZ); W is a constant.
Using this relationship, reflectance as a function of d /~ has been determined and plotted in Fig. 9 for a series of cases: A, B, C, and D, in which the refractive index gradient (ni -n, =An,) i s made progressively larger. Cases A and B correspond to a film "bounded" by glass of a high refractive index and by a i r having a lower refractive index than the film at these interfaces, that is n, < n, < n;< n,. Case C corresponds to the semibound film, n, < n, < n; = n,. Case D corresponds to an unbound film nl = n, < n; = n,.
At a given wavelength, as the refractive index gradient gets progressively larger, the cyclic variation of reflectance as a function of film thickness d becomes less pronounced. n r t h e r m o r e , the maximum reflectance values observed a s d varies diminish a s the gradient increases. These effects can be compared to the experimental observations depicted in Figs. 2, 3, 5, and 6. A cyclic reflectance i s observed for samples phase separated at -600 "C and processed at 45 "C.
As the phase-separating heat treatment, and process temperature a r e increased, however, this cyclic behavior diminishes in a manner similar to that indicated for progressively greater refractive index gradients. The maximum reflectance observed (0.70 p , 2 surfaces) diminishes from 4% in Fig. 2 , to 3% in Fig. 3 , to 1.5% in Fig. 5 to --0.5% in Fig. 6 . Comparing Fig.   4 to Fig. 1 , we observe the broader low-reflectance effects also indicated for a more steeply graded refractive index.
CONCLUSIONS
A unique technique for producing nonreflecting, porous, surface films has been described. The technique differs from prior-art processes in that the glass is sensitized by a phase-separating heat treatment. In effect, a "latent" skeletonized structure is formed by the phase-separating heat treatment to be brought out o r "developed" by the dissolution of the more soluble phase. The process is general and can be applied to a variety of glasses, provided'that they can be phase separated with one phase more readily soluble than the other(s). The formation of the porous antireflection coating on phase-separated glasses is not restricted to a specific glass composition, phase-separating heat treatment, or solvents in the film "developing" step. The soluble phase is readily removed by leaching, but in some cases it is desirable to enlarge the porous network by also removing some silica, in which case HF, NH,F-HF, NaOH o r other etching materials are employed.
The microporous surface film is characterized by a gradient refractive index which leads to low-reflectance effects over a broad spectral regime. Furthermore, the refractive index gradient can be controlled in terms of the film-forming process parameters.
These films appear to be attractive in a number of applications which would ordinarily require a multiple array of layers to achieve broadband effects. These films are now being evaluated for possible use in solar energy applications. Accelerated durability testing has been undertaken to evaluate the performance of these films in outdoor applications under adverse conditions. While these experiments remain incomplete, the films appear to be surprisingly durable. These films also offer potential in high-energy applications such as laser optics.
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